In response to cell swelling, volume-regulated anion channels (VRACs) participate in a process known as regulatory volume decrease (RVD). Only recently, first insight into the molecular identity of mammalian VRACs was obtained by the discovery of the leucine-rich repeats containing 8A (LRRC8A) gene. Here, we show that bestrophin 1 (BEST1) but not LRRC8A is crucial for volume regulation in human retinal pigment epithelium (RPE) cells. Whole-cell patch-clamp recordings in RPE derived from human-induced pluripotent stem cells (hiPSC) exhibit an outwardly rectifying chloride current with characteristic functional properties of VRACs. This current is severely reduced in hiPSC-RPE cells derived from macular dystrophy patients with pathologic BEST1 mutations. Disruption of the orthologous mouse gene (Best1
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) does not result in obvious retinal pathology but leads to a severe subfertility phenotype in agreement with minor endogenous expression of Best1 in murine RPE but highly abundant expression in mouse testis. Sperm from Best1 −/− mice showed reduced motility and abnormal sperm morphology, indicating an inability in RVD. Together, our data suggest that the molecular identity of VRACs is more complex-that is, instead of a single ubiquitous channel, VRACs could be formed by cell type-or tissue-specific subunit composition. Our findings provide the basis to further examine VRAC diversity in normal and diseased cell physiology, which is key to exploring novel therapeutic approaches in VRAC-associated pathologies.
bestrophin 1 | volume-regulated anion channel | induced pluripotent stem cell | retinal pigment epithelium | mouse sperm T ight regulation of cell volume is fundamental to proper cell function and survival. In general, rapid water influx across cell membranes leads to cell swelling, which in turn activates net efflux of K + and Cl − , thereby triggering the release of osmotically obligated water from the cell. Essential to this process is the activation of a current primarily carried by chloride ions (I swell ). This current is gated by volume-regulated anion channels (VRACs) returning the cell to a controlled state of homeostatic integrity, a complex mechanism commonly referred to as regulatory volume decrease (RVD) (1, 2) . Although VRACs share common features in almost all cell types, it is unclear whether there is one ubiquitous channel or a diversity of chloride channels with slightly differing functional properties. In this context, three families of proteins-the Ca 2+ -and/or volume-sensitive anoctamins, bestrophins, and the recently discovered LRRC8s-are presently at the center of interest (3) (4) (5) (6) (7) .
Bestrophin 1 (BEST1), a member of the human bestrophin family of four paralogous genes, encodes an integral membrane protein strongly expressed in the human retinal pigment epithelium (RPE) (8) . Mutations in BEST1 have been associated with various macular dystrophies most prominently represented by Best disease (BD), a central retinopathy with autosomal dominant inheritance but variable penetrance and expressivity (9, 10) . Key features of BD pathology include a striking lipofuscin accumulation in the macular RPE (11) and an abnormal light peak (LP)/dark trough ratio in the electro-oculogram (EOG) reflective of an impaired RPE (12) . The abnormalities in the LP were suggested to be compatible with a function of BEST1 as a Ca 2+ -activated Cl − channel (CaCC) (13, 14) .
Addressing BEST1 function, several studies have suggested a role of the protein in distinct basic cellular processes such as Ca 2+ homeostasis, neurotransmitter release, and cell volume regulation. These studies mostly relied on BEST1 overexpression in HEK293 cells or conducted in vitro experiments with isolated cells from existing Best1-deficient mouse lines. In summarizing these data, BEST1 was shown to be (i) a calcium sensor localized to the endoplasmic reticulum (ER) of mouse RPE (15) , (ii) an intracellular Cl − channel activating anoctamin 1 (ANO1) located at the plasma membrane of mouse trachea (5) , (iii) a modulator of voltage-gated Ca 2+ channels in murine RPE (16) , and (iv) a channel for tonic GABA or slow glutamate release in mouse glia cells and astrocytes (17, 18) . To date, the functional role of Best1 has not been determined in the mouse testis, the site of highest endogenous Best1 expression in the mouse (19) . In addition, using patient-derived hiRPE cells, the role of BEST1 in mediating ER calcium release and/or uptake was shown (20) . In contrast, two independent studies in S2R+ cells from Drosophila melanogaster strongly suggested the invertebrate Drosophila Best1 (dBest1) to act as a volume-regulated chloride channel but with biophysical characteristics Significance First insight into the molecular identity of volume-regulated anion channel (VRAC) emerged only recently by demonstrating a role for leucine-rich repeats containing 8A (LRRC8A) in channel activity. Our results now expand on VRAC biology, suggesting a model where VRAC subunit composition is cell type-or tissue-specific rather than a single ubiquitous channel formed solely by LRRC8A. Here, we show that bestrophin 1 (BEST1), but not LRCC8A, is crucial in cell volume regulation in retinal pigment epithelium (RPE) cells differentiated from humaninduced pluripotent stem cells (hiPSCs). VRAC-mediated currents were strongly reduced in hiPSC-RPE from macular dystrophy patients with pathologic BEST1 mutations. Our model is further supported by in vivo effects of Best1 deficiency in the mouse that manifest as severe subfertility phenotype due to enhanced abnormal sperm morphology related to impaired volume regulation.
clearly distinct from a vertebrate VRAC (3, 21) . By small interfering RNA (siRNA)-mediated knockdown of BEST1 in HEK293 cells (6) and mouse Best1 (mBest1) gene disruption in murine peritoneal macrophages (22) , two studies could not show a functional effect of BEST1 on I swell , thus questioning this protein as a candidate for mammalian VRAC in these cell types. Instead, two studies identified the LRRC8A gene as an essential component of a VRAC in various cultured cell lines (6, 7) . In these latter studies, the authors propose a scenario where LRRC8A and the isoforms LRRC8B to LRRC8E form variable cell type-specific hexamers, explaining the variability of VRAC properties in different cell types.
Together, the rather disparate reports on BEST 1 function underscore the need to further clarify its role in mammalian VRACs. To this end, we focused on two tissues with strong endogenous BEST1 protein expression-namely, human RPE (8) and mouse sperm (19) . Major insight into BEST1 function was gained from (i) RPE cell culture models established via hiPSC technology from a healthy donor and two macular dystrophy patients with established pathologic mutations in BEST1 and (ii) a mouse strain deficient for Best1, the murine ortholog of the human BEST1 gene. When exposed to hypo-osmotic challenge, both the mutant hiPSC-RPE cells and Best1-deficient mouse spermatozoa exhibited severe phenotypes, suggesting BEST1 as a crucial component of VRAC function in these cell types. In addition, membrane rupture experiments and voltage-clamp recordings in oocytes from Xenopus laevis, coexpressing aquaporin-1 (AQP1) and BEST1 from mouse and human, respectively, demonstrated identical functional properties of the mammalian BEST1 orthologs.
Results

Expression Profiling Suggests a Role for BEST1 in Mouse Sperm and
Human RPE. First, we performed RNA and protein expression profiling of Best1 in an extended panel of 14 mouse tissues by RT-PCR and Western blot analysis, respectively. Prominent mRNA expression was almost exclusively restricted to testis, whereas expression in the remaining tissues was weak (e.g., retina, RPE, trachea, lung) or absent (e.g., spleen, liver, colon, kidney) ( Fig. 1 A  and B) . This was mirrored by antibody staining of Best1 protein, which was evident only in whole-cell lysates of mouse testis but not in RPE or other tissues analyzed ( Fig. 1 C and D) . Specificity of Best1 polyclonal antibody α-C45 was vigorously tested and further enhanced by antigen-specific affinity purification (SI Appendix, Fig.  S1 A-C).
We then explored the ratio of BEST1 expression in RPE relative to testis across phylogeny ( Fig. 1 B and D) . Although humans showed strong BEST1 mRNA expression in RPE and weak expression in testis, an inverse pattern was observed in rat and mouse, whereas in this semiquantitative analysis, pig and rabbit revealed an almost equal ratio of BEST1 transcription in the two tissues. BEST1 antibody staining of RPE and testis in human, pig, and mouse was strong in the RPE of human and pig, whereas the protein was not detectable in the latter species in testis, despite a strong Best1 RNA expression in pig testis ( Fig. 1 B and D) .
To determine gene expression in the transcriptionally silent spermatozoa, we devised an RNA expression assay in the developing testis tissue. Accordingly, increasing expression during Table S5 . (C) Western blot analysis in 14 mouse tissues and (D) RPE and testis from human, pig, and mouse using α-C45 or α-334 antibody, respectively. Costaining was done with cell-specific markers for glia cells (α-Gfap), RPE (α-Rpe65), and retina (α-Rs1h). Anti-beta actin served as the control. (E) Spatiotemporal RNA gene expression in mouse testis development by quantitative RT-PCR at indicated postnatal time points. Testis samples (n = 3) were measured in triplicates and normalized to a fixed amount of extracted total RNA. For each sample, the mean ± SD is given. (F) Relative mRNA expression of indicated chloride channels in mouse RPE (n = 2, prepared from 24 eyes), mouse testis (n = 3), human RPE (n = 2), and human testis (n = 3), normalized to Hprt1. For each sample, the mean ± SD is given. For primer sequences and Roche library probes, see SI Appendix, Table S7 . testis development should reflect sperm maturation to acquire male fertility. Validation of this assay was carried out for several genes with known transcription profiles in sperm including CatSper1, Cftr, Slxl1, Gabra1, and Gabrb3 ( Fig. 1E and SI Appendix, Fig. S2B ) (23) (24) (25) (26) . Best1 transcripts were first evident at mouse postnatal day (PN) 19, with a strong increase until PN30, where it reached steady-state adulthood levels. This pattern is similar to that of the known sperm-specific Ca 2+ channel CatSper1 but not Leydig/Sertoli cell markers 17βHsdIII and Ptgds (27) (Fig. 1E) . Together, these data suggested a sperm-specific expression of Best1.
To define the expression profile of known and putative anion channels in mouse and human RPE and testis, RNA expression was determined for paralogous bestrophin family members, known CaCCs such as the anoctamins, and the recently discovered volume-sensitive LRRC8s (Fig. 1E) . Although BEST1 was highly expressed in murine testis and human RPE, expression of BEST2 to BEST4 was similar in testis and RPE from both humans and mice. For the anoctamins, ANO6 consistently showed strong RNA expression in all tissues (see also log 10 -transformed data in SI Appendix, Fig. S2A ), whereas ANO1 and ANO10 exhibited similar strong expression only in mouse RPE and testis. The remaining anoctamin family members revealed variable but mostly weak expression. For the LRRC8s, high mRNA expression was noted for LRRC8A in mouse RPE and for LRRC8C in the two human tissues and a remarkably strong expression of LRRC8B in murine testis. It is of note that in the developing mouse testis (PN15 to PN84), from the five LRRC8 family members, only LRRC8B showed an RNA expression pattern largely overlapping CatSper1 and Best1 (Fig. 1E and SI Appendix, Fig. S2B ), arguing for its presence in mouse spermatozoa. ) matings of both genetic strains were born at the expected Mendelian ratio of 1:2:1 (SI Appendix, Table S1 ), and Best1 −/− mice (male and female) developed normally. Initially, the Best1 −/− mice were evaluated for their ocular phenotype with particular emphasis on retinal and RPE integrity. Analyses included measurement of visual acuity, light and electron microscopy, diurnal RPE phagocytosis, retinal docosahexaenoicacid levels, and basal intracellular Ca 2+ levels of cultured RPE cells but revealed no signs of histological or functional pathology (SI Appendix, Fig. S3 A-J). In contrast, male mice deficient for Best1 revealed a severe subfertility phenotype (Table 1) , although judged by the presence of vaginal plugs, no differences in the mating behavior of homozygous knockout males versus wild type were noted. Wild-type B6 females that mated with B6 Best1 −/− males gave birth to only 40% of pups (mean litter size, 4 ± 2.2 pups) compared with wild type (8.5 ± 2.2 pups). Fertility problems were even more pronounced in CD-1 Best1 −/− males, with only 7 pups born out of 23 intercrosses (0.3 pups per mating), whereas control breedings resulted in an average of 12.1 pups per intercross (Table 1) .
We next analyzed mouse Best1 expression in the male reproductive tract by immunolabeling spermatozoa ( Fig. 2A) and epididymus ( Fig. 2B ) with α-C45 antibodies. Immunolabeling consistently stained the equatorial segment of the sperm head in wild-type but not in Best1 −/− sperm ( Fig. 2A) . In cell-surface biotinylation experiments, Best1 was identified in the biotin fraction, whereas intracellular tubulin was absent (Fig. 2C ), indicating that Best1 is mainly localized to the plasma membrane.
To further characterize the subfertility phenotype, spermatozoa from CD-1 Best1 −/− males and wild-type littermates was released from the cauda epididymis into media with an osmolality of 290 mmol·kg −1 (TYH290). In the epididymis, sperm are stored at an osmolality of about 420 mmol·kg −1 . The release into TYH290 (Δosmolality, -130 mmol·kg
) mimics the osmotic shock that ejaculated sperm experience upon transfer into the female uterine tract (28) . Sperm quality parameters such as morphology, acrosome integrity, viability, and motility were assessed (Fig. 2 D-G) . By microscopic inspection, a high percentage of heads without tails was noted in the Best1 −/− sperm population, indicative of enhanced decapitation (Fig. 2D ). Strikingly, a large fraction of CD-1 Best1 −/− sperm displayed severe coiling and angulation of the flagellum-a well-known phenotype referred to as curly tail. The curly-tail phenotype reflects impaired sperm volume regulation (29) . In addition, a ∼30% decline of viable sperm combined with an increase in the number of acrosome-reacted, -vesiculated, or -thickened acrosomal structures was monitored ( Fig. 2 D-F) . Consistent with the milder subfertility phenotype of B6 Best1 −/− males, a high number of spermatozoa from B6 knockouts displayed a thickened acrosome but were less vesiculated and less acrosomereacted compared with CD-1 Best1 −/− . Importantly, the fraction of sperm with tail abnormalities was lower in B6 Best1
−/− spermatozoa (SI Appendix, Fig. S1G ). In CD-1 Best1
, the fraction of acrosome intact spermatozoa declined dramatically as the spermatozoa progressed from the caput to the corpus and cauda region of the epididymal duct (Fig. 2F) . Finally, sperm motility parameters such as curvilinear velocity (VCL), average path velocity (VAP), straight line velocity (VSL), and amplitude of lateral head displacement (ALH) were analyzed from video recordings, revealing a severe decrease in all motility parameters in CD-1 Best1 −/− sperm compared with wild type (P < 0.001) (Fig.  2G , SI Appendix, Table S2 , and Movies S1 and S2). Taken together, sperm characteristics of both CD-1 and, to a lesser extent, B6 Best1
−/− mice suggest that sperm suffer from an impaired volume regulation, similar to studies on analogous morphological abnormalities reported in other knockout mouse models upon cell swelling (30, 31 ).
An Impaired Tolerance to Osmotic Change Could Underlie the Sperm Defect in CD-1 Best1
. To functionally delineate the subfertility phenotype that, in principle, could be attributed to disturbances in RVD but also to defects in other signaling mechanisms (e.g.,
−/− sperm were examined. Sperm were released into TYH420 medium and stimulated by (i) hypotonic swelling in TYH290 medium, (ii) 100 μM ATP, or (iii) 50 μM cyclopiazonic acid (CPA), a potent inhibitor of calcium ATPase activity. Changes in Ca 2+ levels in sperm heads were recorded as a ratio of fura-2 fluorescence emission upon excitation at 340 nm and 380 nm (Fig. 3A) . Before the application of a stimulus, no significant differences in fluorescence ratio were observed, suggesting that basal Ca 2+ levels were similar in wild-type and CD-1 Best1 −/− sperm (Fig. 3B ). Hypotonic swelling in TYH290 evoked a transient Ca 2+ increase. The peak amplitude ( Fig. 3 C and D ) and the recovery rate (Fig. 3E) 3 D and F) , whereas no calcium increase was detected upon 50 μM CPA application (SI Appendix, Fig. S4 A and B) .
To address osmotic tolerance and its possible impairment as the basis for the severe sperm phenotype in CD-1 Best −/− mice, total motility and sperm velocity parameters VAP, VSL, VCL, and ALH were evaluated from caudal spermatozoa. In a timelapse experiment, caudal spermatozoa were exposed to solutions with increasing osmolalities. The percentage of motile sperm was relatively stable for up to 2 h within all osmotic solutions, with the possible exception of wild-type sperm at 420 mmol·kg −1 (Fig. 3G) . Although CD-1 Best1 −/− mice showed a significant lower percentage of motile sperm compared with wild type at all osmotic conditions tested (22 ± 8% vs. 65 ± 7%), statistics on pooled data from the three osmotic conditions revealed a rescue of total motility in spermatozoa from CD-1 Best1 −/− mice with increasing osmolality (THY290, 16 ± 4%; THY350, 20 ± 7%; THY420, 31 ± 6%) ( Fig. 3H and SI Appendix, Table S2 ). Notably, in CD-1 Best1 −/− mice, the percentages of motile spermatozoa reflected the number of viable cells (Fig. 2E) , indicating that those sperm that are alive are motile. From these data, we conclude that the lack of Best1 in mouse spermatozoa does not affect Ca 2+ homeostasis but rather renders sperm unable to cope with changes in osmotic pressure.
Cell Swelling Activates Identical Currents in X. laevis Oozytes Expressing Human and Mouse BEST1. Next, we explored whether BEST1 function is evolutionarily conserved between mouse and man. To this end, X. laevis oocytes were exposed to a hypotonic bath solution that induced cell swelling and rupture of the oocyte membrane in Table S2 . Spermatozoa were released into TYH290 media. Values are given as mean + SD. Two-sided Student's t test or Wilcoxon signed rank test: * P < 0.05; ** P < 0.01; *** P < 0.001.
cells expressing the water channel aquaporin 1 (AQP1) (Fig. 4A) . Cell swelling and rupture of the oocyte membrane was significantly delayed in oocytes coexpressing human BEST1 or mouse Best1 (Fig. 4B) . In contrast, expression of mutant proteins BEST1-R218C and BEST1-Y227N did not delay oocyte bursting (Fig. 4B) . Notably, 50% of the oocytes expressing AQP1, AQP1/R218C, and AQP1/Y227N burst within the first 30 s (T50 = 0.25 min, 0.4 min, and 0.25 min, respectively), whereas expression of human BEST1 or mouse Best1 significantly increased T50 to 2.5 min and 4.5 min, respectively (Fig. 4 B and C) . We then examined whether hypotonic cell swelling in the presence of BEST1 also activates membrane currents in X. laevis oocytes. Defolliculated oocytes were thoroughly monitored for endogenous swelling-activated whole-cell currents as reported earlier (33) . Three days after injection, oocyte rupture and volume-activated whole-cell currents were virtually absent in waterinjected control oocytes, similar to earlier studies (34) . In AQP1-injected oocytes, the hypotonic bath solution activated only a small endogenous whole-cell current before membrane bursting (Fig. 4 D and E) . In AQP1/hBEST1 and AQP1/mBest1 coexpressing cells, the volume-activated currents were twice as large as in control oocytes expressing AQP1 only (Fig. 4 D-G) . The swelling-activated current was inhibited by 200 μM dihydro-4,4′ diisothiocyanostilbene-2,2′-disulphonic acid (DIDS) (inhibition by 48 ± 7.9%; n = 5) but not by other known CaCC blockers, such as 5-nitro-2-(phenylpropylamino)-benzoate (NPPB) (50 μM) (inhibition by 9 ± 1.1%; n = 5) or CaCCinh-AO1 (20 μM) (inhibition by 3 ± 0.4%; n = 4) (35, 36) . Notably, volume-activated whole-cell currents in AQP1/hBEST1 and AQP1/mBest1 coexpressing cells were rather linear and showed only little timedependent inactivation, as reported earlier (21, 34) . Together, these experiments suggest that human and mouse BEST1 are both activated by cell swelling, thereby leading to RVD and delay in hypotonic cell rupture. The disease-associated BEST1 mutations-BEST1-R218C, BEST1-Y227N, BEST1-Q238R, and BEST1-A243V-abolished ion channel function (Fig. 4 B, C , and G). In addition, coexpression of AQP1/hBEST1 and BEST1-A243V also leads to significant reduction in VRAC currents, in agreement with a dominant-negative mode of action of BEST1 mutations on wild-type BEST1, as suggested earlier (37) .
HiRPE Cells from Two Macular Dystrophy Patients Reveal Aberrant
BEST1 Localization. To analyze functional aspects of BEST1 in human RPE, we resorted to RPE differentiated from humaninduced pluripotent stem cells. Such cell lines reveal properties largely overlapping those of native cells (38) and were generated from a healthy donor and two macular dystrophy patients harboring the heterozygous mutations BEST1-A243V and BEST1-Q238R, respectively (SI Appendix, Fig. S5 A-F) . Upon visual inspection, the three cell lines were morphologically identical, all revealing a hexagonal cell shape and strong pigmentation, unique features of differentiated RPE cells (Fig. 5A) . Epithelial integrity of the hiRPE cells was established by measuring transepithelial resistance (TER) with a mean TER of 241 ± 57 Ω·cm 2 for the three cell lines after correction for background.
Immunostaining of control hiRPE cells with α-334 BEST1 antibody confirmed correct protein localization to the basolateral plasma membrane relative to α-ZO-1, a tight junction marker localized at the apical side of RPE cell clusters (Fig. 5B) . In contrast, BEST1-A243V cells revealed localization of BEST1 to both the plasma membrane and the cytoplasm, whereas in BEST1-Q238R, the mutant protein appeared grossly reduced ] maximum peak to initial levels. (F) Averaged graphs of [Ca 2+ ] i increase in response to 100 μM ATP.·(G) Percentages of total sperm motility from caudal spermatozoa of three CD-1 wild-type and seven Best1 −/− mice exposed to defined osmotic conditions. Recordings were taken at indicated time points after initial exposure to TYH290, TYH350, or TYH420 media. (H) Summery of G. Mean values were pooled for the three indicated osmotic conditions. For further details, see SI Appendix, Table S2 . Values are given as mean ± SEM. Two-sided unpaired Student's t test: * P < 0.05; ** P < 0.01; *** P < 0.005. n, number of spermatozoa.
compared with normal RPE and to an even larger extent localized within the cytoplasm with only minor staining of the plasma membrane (Fig. 5B) . These findings supported a dominant-negative effect of the mutant protein on wild-type BEST1. Semiquantitative Western blot analysis confirmed reduced expression of BEST1 protein in BEST1-Q238R, whereas RNA expression levels appeared similar in the three cell lines analyzed ( Fig. 5 C and D) . We further tested RNA expression for bestrophins, known CaCCs, and volume-sensitive LRRC8s and confirmed that the profiles are similar for the three hiRPE cell lines compared with native RPE (Figs. 1F and 5E , and SI Appendix, Fig. S5G ), suggesting that the hiRPE cell lines represent suitable cellular models to investigate BEST1 function in a setting similar to native RPE. ). The resulting difference in osmotic pressure led to an increase in conductance, as monitored by increased inward and outward currents in response to voltage ramps ( Fig. 6 A and B) . Functional properties of this current were analyzed in a subset of cells (n = 7) using an extended protocol. Under the given ionic conditions, currents were slightly outward rectifying and reversed polarity at 4 ± 2 mV (Fig. 6C and SI  Appendix, Fig. S6B ). The osmotic pressure-induced currents increased with a half time of 3.3 ± 0.2 min (SI Appendix, Fig.  S6B ) to reach a plateau on average of 2.3 ± 0.7 nA (Fig. 6D) . Reducing the extracellular Cl − concentration to 2 mM by replacing Cl − with gluconate led to a marked decrease of outward currents to 0.6 ± 0.2 nA (compatible with a diminished influx of anions due to a lower permeability for gluconate compared with Cl − ) (Fig. 6 A and D) , paralleled by a shift of the reversal potential to positive values (22 ± 6 mV) (Fig. 6C) . This indicates that the swelling-activated current is carried by anions. and the indicated BEST1 constructs at 60 mV. AQP1-expressing oocytes served as control. Values are given as mean ± SEM; n, number of measured cells. An asterisk indicates significant differences compared with AQP1-expressing oocytes (two-sided unpaired Student's t test, * P < 0.05). Defolliculated oocytes were carefully monitored for endogenous I swell before experiments.
Moreover, adding the nonspecific chloride channel inhibitor DIDS (300-600 μM) to the external bath solution also markedly reduced currents, by stronger affecting outward currents (Fig. 6 A, C, and D), pointing to an anion-permeable pore that conducts the swelling-induced current in hiRPE ( +/+ ) cells. Additionally, osmotic pressure-induced I swell in hiRPE ( +/+ ) cells featured a characteristic time-and voltage-dependent inactivation at strong positive voltages (Fig. 7 A and B) . After activation of I swell by application of a hyposmotic bath solution, currents showed pronounced current relaxation (inactivation) during a depolarizing voltage step (120 mV, 1 s) with a decay following a double-exponential time course (time constant τ 1 = 0.22 ± 0.13 s and τ 2 = 0.9 ± 0.15 s). Currents recovered from inactivation at negative voltages (-60 mV) with a time constant of τ = 1.57 s. The time-and voltage-dependent inactivation can be modulated by extracellular cations (39) and is absent in extracellular Ca 2+ -free bath solution (Fig. 7C) , whereas the activation of I swell remained unaffected (Fig. 7D) . Together, these data argue for the presence of an I swell in hiRPE ( +/+ ) cells that exhibits the functional properties of a typical VRAC (2).
HiRPE cells from BD patients carrying mutations BEST1-A243V or BEST1-Q238R, respectively, showed voltage-driven currents under isosmotic conditions that were similar (BEST1-A243V) or slightly smaller (BEST1-Q238R) compared with hiRPE ( +/+ ) cells (Fig. 6B and SI Appendix, Table S3 ). Notably, challenging the cells with a hyposmotic bath solution induced only small voltage-driven currents (Fig. 6 A-D (Fig. 6 A and D) . However, currents induced by depolarizing voltage steps during hypotonic challenge did not show any inactivation or current relaxation, similar to the situation found under isosmotic conditions (SI Appendix, Fig.  S6 E-H). Motivated by two recent publications that identified LRRC8A as an essential component of VRACs in several cell lines (6, 7), we analyzed a potential role of LRRC8A in hiRPE volume regulation. We therefore established a stable short-hairpin RNA (shRNA)-mediated knockdown of LRRC8A expression in hiRPE cells of healthy control. After two rounds of lentiviral transduction with shRNA against LRRC8A (hiRPE shLRRC8A ), quantitative RT-PCR analysis revealed a 76% mRNA decrease of LRRC8A expression compared with control cells treated with lentivirus coding for scrambled RNA (hiRPE scramble ) (Fig. 8A) . This was confirmed by antibody staining of LRRC8A, which was markedly reduced in whole-cell lysates of hiRPE shLRRC8A cells (Fig. 8B) . A standardized protocol of hypotonic current activation and subsequent isotonic inactivation was used for whole-cell voltage-clamp recordings (Fig.  8C) . Challenging the cells with hypo-osmotic bath solution led to activation of I swell in 54% of hiRPE shLRRC8A (27/50 cells) and in 40% of the hiRPE scramble (25/63 cells) cells, whereas the average magnitude of I swell in hiRPE shLRRC8A cells was somewhat larger compared with hiRPE scramble controls (outward, 150%, P = 0.03; inward, 150%, P = 0.3, n.s.) (Fig. 8D) . Taken together, the shRNAmediated knockdown of LRRC8A in hiRPE cells led to a reduction in both the level of LRRC8A mRNA and protein, whereas no significant difference in I swell between hiRPE shLRRC8A and hiRPE scramble was observed (neither in number of responders nor in magnitude of current). Table S7 . ). Values are given as mean ± SEM. Two-sided paired Student's t test: * P < 0.05.
Discussion
The present study provides several lines of direct and indirect evidence arguing for BEST1 as a crucial component of VRACs in mouse sperm and human RPE. Our findings show that lack or dysfunction of these properties has vital implications on both mouse sperm, resulting in a severe subfertility phenotype, and human RPE cells, strongly reducing swelling-induced anion currents. Moreover, heterologous overexpression of both human and mouse BEST1 in AQP1-coexpressing X. laevis oocytes results in a significant rescue in a membrane rupture assay and an increase of I swell upon hypotonic stimulation. Importantly, the latter set of experiments demonstrates that mouse and human BEST1 have a similar if not identical role in volume regulation, despite the fact that the two ortholog proteins operate in highly diverse and specialized cell types.
Until now, the mammalian bestrophins and their functional role in classical VRAC activity were rather controversial. Essentially, three main arguments were brought forward. Strikingly, BEST1 whole-cell currents behaved largely insensitive toward hypotonic challenges after heterologous overexpression of bestrophin family members in HEK293 cells (4) . We argue that the HEK293 cell system is ill-suited for addressing this particular question, as these cells are known to retain a large proportion of overexpressed BEST1 protein intracellularly (40) . Upon hypotonic stimulation, the simultaneous activation of the endogenous LRRC8A-mediated VRAC current in HEK293 cells (6, 7) renders it impossible to distinguish endogenous VRACs from heterologously expressed BEST1 currents. To avoid these methodological difficulties, we resorted to Xenopus oocytes, a polarized cell system that provides an important precondition for plasma membrane localization of BEST1 (41) . After manual defolliculation and careful monitoring of each single batch for endogenous swellingactivated whole-cell currents, we recorded BEST1-mediated swelling-sensitive currents that were significantly enlarged relative to endogenous I swell . Together, these experiments demonstrated that (i) mouse and human BEST1 are functionally interchangeable and (ii) BEST1 current indeed is activated by hypo-osmotic solution.
Second, the Drosophila dBest1 was suggested as a VRAC (3, 21) , but the biophysical characteristics of endogenous dBest1 in S2R+ cells from Drosophila differed significantly from properties of I swell in mammalian VRACs (2) . This further questioned the role of mammalian BEST1 as a VRAC, although the discrepant channel characteristics may best be explained by an obvious sequence diversity of bestrophins from arthropod to vertebrate. Specifically, dBest1 reveals a sequence identity to human paralogs BEST1, BEST2, BEST3, and BEST4 of 52%, 53%, 51%, and 49%, respectively. On the basis of such close sequence identities, a human ortholog to Drosophila dBest1 cannot be assigned, which makes it rather difficult to compare functional aspects between the phylogenetically related bestrophin families.
Further arguments contradicting a role of BEST1 as a VRAC developed from findings in a knockout mouse model demonstrating that Best1 deficiency failed to eliminate VRACs in peritoneal macrophages (22) . Additionally, siRNA-mediated knockdown of endogenous BEST1 in HEK293 cells had no effect on hypotonicityinduced YFP quenching responses (6) . These findings, however, do not contradict the results presented in the present study. In fact, no or very weak RNA and protein expression is not in favor of a functional role of mBest1 in macrophages or hBEST1 in HEK293 cells, further supporting our hypothesis of cell-or tissue-specific VRAC channel diversity. Although mutations in the BEST1 gene cause an ocular phenotype in human, our thorough analysis of a Best1-deficient mouse has not revealed a comparable retinal pathology in the murine model. This is in agreement with the lack of Best1 expression in the murine RPE and findings in an independent Best1 −/− knockout mouse revealing no effect on RPE chloride conductance (16) . Conversely, high expression of Best1 in mouse sperm is associated with a strong fertility phenotype. Unfortunately, our evidence linking the observed sperm phenotype to a defect in volume regulation is rather indirect and is not based on direct measurements of ion currents. Particularly for mouse sperm, the latter experimental approach is the most challenging, due to the low volume of sperm cytoplasm and the fact that the plasma membrane of intact spermatozoa is extremely rigid (42) . In our hands, shifting to a hypotonic solution repeatedly resulted in loss of the whole-cell configuration between the patch-clamp pipette and the cytoplasmic droplet membrane of the sperm tail. We also tested optical methods to study sperm ion channels via fluorescent indicators. Specifically, we used fluorescent chloride indicator N-(ethoxycarbonylmethyl)-6-methoxyquinolinium bromide (MQAE) and the volumetric indicator Calcein-AM. Again, the results were only a little encouraging due to the miniscule volume of the sperm cytoplasm and the resulting weak fluorescence.
Unexpectedly, sperm motility of Best1 −/− mice was not fully rescued by the hypertonic solution, in contrast to reports, for example, for spermatozoa from the Slo −/− mouse (43) . As suggested by Voets et al. (44) , this finding may be explained by VRAC activation in Best1 −/− spermatozoa before ejaculation and could be triggered by reduced intracellular ionic strength. As spermatozoa pass from the testis to the cauda of the epididymis, before ejaculation they are stored in a concentrated environment of high osmolality and low intracellular ionic strength compared with the testical environment (45) . Upon ejaculation, the hypotonic environment of the female tract could still enhance an epididymal Best1 −/− sperm defect, which would then be reflected by the significantly reduced motility compared with the higher osmotic condition.
Recently, LRRC8A was suggested as an integral component of VRAC or, alternatively, crucial for its activation, as shown in siRNA-mediated knockdown and CRISPR/Cas9 genome editing experiments (6, 7) . In this model, VRAC is formed by LRRC8 hexamers of LRRC8A and at least one other family member. Hence, small variations of biophysical and biochemical features of VRAC in different cell types (2) may be explained by a variable cell type-or tissue-specific combination of LRRC8A with different LRRC8 isoforms (7). Our findings are not in support of such a model, which is exclusively based on LRRC8A and its family members as the sole components of VRAC. We show that in mouse sperm, only LRRC8B but no other LRRC8 isoform is sufficiently expressed to account for a crucial functional role in this cell type. Considering that disruption or overexpression of isoform LRRC8B alone did not alter I swell in HEK293 and HCT116 cells (7), a sole function of LRRC8B appears insufficient to mediate VRAC pore properties in mouse sperm. Furthermore, our data demonstrate that hiRPE cells are well capable of regulating cell volume, although LRRC8A is significantly reduced in our shRNA knockdown experiments.
In conclusion, the identification of BEST1 as an essential component of VRAC in human RPE and the restricted expression of the protein in human RPE and mouse sperm led us to propose a model scenario where VRAC is a cell type-or tissuespecific complex rather than a single ubiquitous channel. A refined knowledge about protein expression in the different cell types and species might help in finding additional components of the vertebrate family of VRACs. Particularly, other members of the bestrophins family need to be assessed for their possible role in volume regulation in specifically defined cells or tissues. Together, our findings provide the basis to further explore the mechanisms of cell volume regulation in normal and diseased cell physiology, possibly delineating novel therapeutic treatment strategies for BEST1-and other VRAC-associated pathologies.
Materials and Methods
Research Involving Humans and Vertebrate Animals. Experiments involving humans obtained approval of the local ethics review board (University of Regensburg, Germany, Reference No. 11-101-0228). Informed consent was given by each proband participating in the study. Research involving mice and Xenopus laevis were conducted in accordance with the German Animal Welfare Act.
Antibodies. Antibodies were generated against murine Best1 peptide PESP-TEHLQQRRLDQMSTNIQALMKEHAESYPYRDEAGTKPVLYE (anti-C45) and human BEST1 (amino acid 572 to 585, NP_004174.1). Additional antibodies: Gfap (#G9269; Sigma-Aldrich), zonula occludens 1 (Invitrogen), LRRC8A (#HPA016811; Sigma-Aldrich), GST (#G7781; Sigma-Aldrich), β-actin (#5441; Sigma-Aldrich), Rpe65 (ab13826; Abcam), acetylated tubulin (#T6793; Sigma-Aldric″h) and Rs1 (RS1-3R10) (kindly provided by R. S. Molday, University of British Columbia, Vancouver).
Mice. Best1-deficient mice were generated as described in SI Materials and Methods.
RNA and Protein Expression. Expression of BEST1 was analyzed in RPE and testis across different mammalian species. To enzymatically isolate RPE cells, mouse eyecups were transferred to 3 mM L-cysteine in PBS/1 mM EDTA, 1 U/ml papain, and 1 mg/ml BSA. Total RNA was extracted with the RNeasy Mini Kit (Qiagen) and first strand cDNAs were obtained with the RevertAid H Minus First Strand cDNA Synthesis Kit (Fermentas). For RT-PCR reactions, 50 ng of cDNA was used as templates for PCR with Go Taq Polymerase (Promega). Primer sequences are listed in SI Appendix, Table S5 . For quantitative RT-PCR, primer sequences for amplification of target genes and Roche Library Probes are listed in SI Appendix, Table S7 . Northern blot analysis was performed as described earlier (9) . Total protein extracts were prepared by homogenization in 1 × PBS supplemented with 1 × protease inhibitor cocktail (Roche). Protein samples were separated by SDS-polyacrylamide gel electrophoresis and subsequently transferred onto polyvinylidenfluoride membranes (Millipore). Incubation of primary and secondary antibodies was carried out at 4°C overnight. Protein labeling was visualized by enhanced chemiluminescence.
Plasma Membrane Surface Biotinylation. Biotinylation of plasma membrane proteins was achieved in fresh 1 mg/ml solution of EZ-Link Sulfo-NHS-SSBiotin (#89881; Pierce, Thermo Fisher Scientific). Homogenization of cell lysates in 1 ml lysis buffer (50 mM Tris, pH 7,5, 5 mM EDTA, 15 mM NaCl, 1% Triton, 1 × Protease inhibitor cocktail) (#04693116001; Roche) was done by passing the lysate through a 27 and subsequently a 30-gauge needle. After incubation with streptavidin beads (Thermo Fisher Scientific), biotinylated proteins were eluted and subjected to SDS/PAGE.
Immunofluorescence Labeling. Sperm suspension (air-dried on a microscope slides) or hiPSC-RPE cells (grown on transwell-filters for 2-3 mo) were fixed in 4% (wt/vol) paraformaldehyde/PBS for 10 min and blocked by PBS containing 0.3% Triton X-100 and 10% (vol/vol) goat serum. Incubation with primary antibody was performed overnight followed by labelling with fluorescentconjugated secondary antibody for 2 h at room temperature. Stained spermatozoa or hiPSC-RPE cells were imaged on a Zeiss confocal microscope LSM 510 (Zeiss).
Sperm Phenotype. Sperm preparation, evaluation of sperm viability and acrosome integrity, sperm tail morphology and motiliy including a quantitative analysis are described in detail in SI Materials and Methods.
Xenopus Laevis Oocyte Analysis. Human (NM_004183.3) and mouse (NM_011913.2) BEST1 cDNAs were cloned into the X. laevis oocyte expression vector pTLN. Capped RNA was synthesized by in vitro transcription with Sp6 RNA polymerase. Ooctyes from X. laevis were prepared as described (33) and were thoroughly defolliculated and monitored for endogenous swelling-activity. Membrane currents were measured by voltage clamping (oocyte clamp amplifier; Warner Instruments LLC) in intervals from −80 to +60 mV, in steps of 20 mV, each 1 s (SI Materials and Methods).
Generation of hiPSC Cells and Differentiation to RPE. A detailed procedure has been described previously (38) .
